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Human papillomaviruses (HPVs) are the causative agent of warts. Infections with high-risk HPVs are
associated with anogenital and head and neck cancers. One of the viral genes responsible for HPV’s oncogenic
activity is E6. Mice expressing the HPV-16 E6 protein in their epidermis (K14E6"") develop epithelial
hyperplasia and squamous carcinomas. Numerous cellular proteins interact with E6, some of which can be
grouped based on common amino acid motifs in their E6-binding domains. One such group, the PDZ partners,
including hDLG, hSCRIBBLE, MUPP1, and MAGI, bind to the carboxy-terminal four amino acids of E6
through their PDZ domains. E6’s interaction with the PDZ partners leads to their degradation. Additionally,
E6’s binding to PDZ proteins has been correlated with its ability to transform baby rat kidney cells in tissue
culture and to confer tumorigenicity onto cells in xenograft experiments. To address whether the ability of E6
to bind PDZ domain partners is necessary for E6 to confer epithelial hyperproliferation in vivo, we generated
transgenic mice that express in stratified squamous epithelia a mutant of E6 lacking the last six amino acids
at its carboxyl terminus, E6*'%'5! from the human keratin 14 (K14) promoter. The K14E6*'#¢-'5! mice
exhibit a radiation response similar to that of the K14E6"" mice, demonstrating that this protein, as predicted,
retains an ability to inactivate p53. However, the K14E6*!4¢151 mice fail to display epithelial hyperplasia.
These results indicate that an interaction of E6 with PDZ partners is necessary for its induction of epithelial

hyperplasia.

Human papillomaviruses (HPVs) are the causative agent of
warts. Infections with high-risk HPVs are associated with ano-
genital (27) and head and neck cancers (18, 25). HPVs encode
two oncogenes, E6 and E7, which are thought to contribute to
cervical cancers because they are selectively induced in their
expression in those cancers. E6 and E7 are multifunctional
proteins best known for their abilities to bind and inactivate
the p53 and pRb cellular tumor suppressors, respectively. E6
binds in a ternary complex with p53 and a cellular ubiquitin
ligase, E6AP (10). This complex results in ubiquitination and
degradation of p53 through the proteosome pathway (11).
Thus, E6 abrogates p53 function. However, E6’s oncogenic
activities cannot be explained entirely by its effects on p53. E6’s
ability to transform cells does not always correlate with its
ability to degrade p53; mutants of E6 that cannot induce p53
degradation are still able to immortalize mammary epithelial
cells (13, 19), transform 3Y1 rat fibroblasts, and confer tumor-
igenicity onto {2 mouse fibroblast cells (14). Conversely, some
E6 mutations that retain the ability to induce p53 degradation
are unable to transform cells (5, 13). Studies with K14E6™T
mice also have identified p53-independent activities. Mice ex-
pressing the HPV type 16 (HPV-16) E6 protein in their epi-
dermis (K14E6™T) develop epithelial hyperplasia (31). How-
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ever, this phenotype has not been observed in p53-null mice of
the same genetic background. These observations indicate that
E6 must confer epithelial hyperplasia through mechanisms
other than or in addition to its inactivation of p53.

Numerous cellular proteins have been found to interact with
the E6 protein. Many interactors can be classified into groups
due to the presence of a specific amino acid motif in their
E6-binding region. One group is the a-helix partners, named
for the o-helix domain in their E6-binding region (1, 4, 6, 32).
In a previous study we investigated the role of the E6’s inter-
action with the a-helix partners in epithelial hyperplasia. We
found that expression of a mutant of E6, E6™*T, which was
deficient in binding a-helical partners in the skin of transgenic
animals, was still able to induce epithelial hyperplasia, albeit to
a lesser extent than wild-type E6 (22). Thus, although a-helix
partner binding is involved in induction of hyperproliferation,
it is not solely responsible for it. Furthermore, the intermediate
level of epithelial hyperplasia seen in the K14E6"2*T strain
was not rescued to the level seen in KI4E6™™ mice by placing
the K14E6"?®T transgene on the p53-null background. There-
fore, inactivation of p53 does not contribute to E6’s induction
of epithelial hyperplasia.

These results led us to ask which E6 activities other than
a-helix binding are contributing to E6’s induction of epithelial
hyperplasia. Another group of E6 interactors that may mediate
epithelial hyperplasia contain a PDZ domain in their E6-bind-
ing region. PDZ domains are conserved protein elements
named for the proteins PSD-95, Dlg, and ZO-1. HPV-16 E6
contains a protein motif in its carboxy terminus known to bind
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PDZ domains (PDZ ligand). E6’s PDZ ligand motif, consisting
of its carboxy-terminal four amino acids (ETQL), mediates
E6’s interaction with the PDZ domains of the human homo-
logue of Drosophila discs large (hDlg) (14, 17), the human
homologue of Drosophila Scribble (hScrib) (21), multi-PDZ-
containing protein (MUPP1) (16), and membrane-associated
guanylate kinase with an inverted arrangement of protein-
protein interaction domains (MAGI-1) (7). The PDZ domain
containing proteins shown to bind E6 will be referred to here
as the PDZ partners of E6. E6’s interaction with the PDZ
partners leads to their degradation (7, 15, 16, 21). Additionally,
E6’s binding to PDZ proteins has been correlated with its
ability to transform baby rat kidney cells in tissue culture and
to confer tumorigenicity to cells in xenograft experiments (14).
In Drosophila embryos, dig (9, 24, 34) or scrib (2) mutants
exhibit hyperplastic overgrowth and loss of cell polarity in
epithelial tissues such as the imaginal discs. To address
whether the ability of E6 to bind PDZ domain partners is
necessary for E6 to confer epithelial hyperproliferation on
transgenic mice, we generated transgenic mice that express a
mutant of E6 lacking the six amino acids at the carboxy termi-
nus, E6*14°151 Comparisons of the phenotypes of the mice
expressing E6*14015! and wild-type E6 demonstrate that the
PDZ ligand domain is necessary for E6’s induction of epithelial
hyperplasia in vivo.

MATERIALS AND METHODS

Mice. The generation of KI4E6™" (29) and K14E6'?5T (22) transgenic mice
were previously described. The K14E6414%1>! mice were generated similarly to
the K14E6™T mice and will be described in more detail elsewhere (M. M.
Nguyen and A. E. Griep, unpublished data). Briefly, a recombinant copy of the
HPV-16 E6 gene containing an 18-nucleotide deletion at the 3" end of the gene
was generated by PCR with the primers ML-4 (5'-CATCAAGAACATAATCA
TGCATGGA-3") and ML-5 (5'-TCCATGCATGATTATGTTCTTGATG-3"),
and the product was cloned into pK14 to generate pK14E62140151, Subsequently,
PCR was used to amplify the E6*'4*'5'E7TT DNA fragment with the primers
709-1 (5'-GGCGGATCCTTTTATGCACCAAAAGAGAACTG-3") and 709-4
(5'-CCCGGATCCTACCTGCAGGATCAGCCATG-3") containing BamHI sites.
This fragment was restricted with BamHI and inserted into the unique Bam-
HIsite between the hK14 promoter and hK14 polyadenylation sequences in
pG3Z-K14 (33) to generate pK14E62'*¢15'B. This recombinant plasmid was
digested with HindIII and EcoRI to release a 3.2-kb DNA fragment containing
the hK14 promoter, HPV-16 sequences, and the K14 polyadenylation sequence.
The fragment was purified by gel electrophoresis and microinjected into fertil-
ized mouse FVB/N eggs as described previously (29). Offspring were screened
for the transgene by Southern analysis and PCR. Several K14E6!4015! lines
were propagated and housed as described for the KI4E6™™ mice (29).

In situ hybridization. Nine-day-old mice were sacrificed, and skin and ear
samples were collected. These were fixed in 10% buffered formalin, embedded in
paraffin, and cut into 5-wm sections. In situ hybridization was performed as
described earlier (31) by using an antisense E6 cRNA probe transcribed in the
presence of [**SJUTP and [**S]CTP from a plasmid containing the HPV-16 E6
open reading frame upstream of the T7 promoter. Slides were coated with
photographic emulsion and kept at 4°C for 2 weeks before development. The
hybridization signal was examined by using dark-field microscopy.

Real-time PCR analysis for transgene expression. Real-time PCR analysis was
performed as described previously (22). Briefly, 5 pg of total cellular RNA
extracted from the skin of 9-day-old animals was reverse transcribed by using the
You-Prime-Ready-To-Go beads (Amersham Pharmacia; catalog no. 27-9264-01)
and NotI-(dT), primer (Amersham Pharmacia; catalog no. 27-7806-01). Real-
time PCR analysis was performed with the primers 5'-TGGAAGACCTGTTA
ATGGGCA-3" and 5'-TGCAGGATCAGCCAATGGTAG-3" and the Tagman
probe 6-FAM-ACTAGGAATTGTGTGCCCCATCTGTTCTCAG-TAMARA.
Amplification by using the Perkin-Elmer sequence detector 7700 was performed
with the 2X Universal Amplification mix (Perkin-Elmer; catalog no. 4304437).
The amplification profile was 45 cycles of 94°C for 15 s and 60°C for 1 min. The
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threshold (Cy) values for serial (1/2, 1/4, and 1/8) dilutions of RNA from
K14E6™T line 5737 were used to generate a linear standard curve. Cy. values of
the samples were compared to this standard curve to calculate the relative levels
of transgene expression. The signal obtained for undiluted RNA from the
KI4E6™T line 5737 was set to 100%, and the signal obtained for other mouse
lines was reported as a fraction of that amount. RNA samples from three mice
in each line were analyzed in parallel within each real-time PCR experiment.

Radiation response analysis. Eight-day-old animals were irradiated with 4 Gy
of gamma irradiation from a cesium source. After 23 h, irradiated mice and
control, unirradiated mice were injected with 100 wg of 5'-bromo-2'-deoxyuri-
dine (BrdU) and 83.75 ug of fluorodeoxyuridine/g (body weight). One hour later,
mice were sacrificed, and ear and skin samples were collected, fixed in 10%
formalin, paraffin embedded, and cut into 5-wm sections. BrdU was detected by
using the BrdU immunohistochemistry kit (Oncogene HCS24) according to the
manufacturer’s directions with the following exceptions. The trypsin digestion
was done with 2 drops of trypsin concentrate for every 3 drops of dilution buffer,
the primary antibody incubation was for 3 h, and diaminobenzidine (DAB)
incubation time was 3 min. The percentage BrdU-positive cells was calculated by
dividing the percentage of BrdU-positive cells by the total number of cells in 10
X 40 microscopic frames per skin section. The levels of BrdU incorporation in the
irradiated groups were normalized to the BrdU incorporation in the unirradiated
mice of the same genotype. Analysis was performed on three mice per treatment
group, except for the irradiated K14E6414%15! group, in which two mice were
analyzed. For p53 immunohistochemistry, deparaffinized sections were treated
for 15 min with 3% hydrogen peroxide to quench endogenous peroxidase activ-
ity, heated for 20 min in boiling 0.01 mol of citrate buffer (pH 6.0) per liter by
using a microwave to unmask antigens, blocked with 5% nonfat dry milk—
phosphate-buffered saline-5% normal goat serum for 30 min, and incubated for
3 h at room temperature with a 1:500 dilution of the rabbit anti-mouse p53
antibody (CMS, catalog no. NCL-p53-CM5p; Novocastra Laboratories). After
incubation with a secondary antibody (30 min) and then with Vectastain ABC
reagents (30 min), the slides were exposed to DAB substrate.

Immunohistochemical analysis for BrdU, PCNA, and Dlg. Nine-day-old or
seven-week-old animals were injected with BrdU and fluorodeoxyuridine as
described above 1 h prior to sacrifice. Skin and ear sections were prepared and
stained for BrdU as described above. To quantify hyperproliferation, the total
number of cells, as well as the number of BrdU-positive suprabasal cells, in 10
X 40 microscopic frames per section were counted. Suprabasal cells were defined
as any cell not directly attached to the basement membrane. The percentage of
suprabasal BrdU-positive cells was calculated by dividing the number of BrdU-
positive suprabasal cells by the total number of suprabasal cells. Analysis was
performed on at least three mice per genotype. For proliferating cell nuclear
antigen (PCNA) and Dlg immunohistochemistry, tissue sections were blocked in
5% nonfat milk and 5% normal horse serum in PBS for 30 min. Tissue sections
were exposed to (i) antibody raised against the rat homologue of Dlg, SAP97, at
a1:1,000 dilution overnight at 4°C or (ii) anti-PCNA antibody (Roche catalog no.
1486772) at a 1:200 dilution and for 1 h at room temperature in a humidified
chamber. Slides were then incubated with secondary antibody for 30 min. For
PCNA staining, tissue sections were exposed to Vectastain ABC reagent (Vector
PK-6200) for 30 min and DAB substrate for 2 min. The tissue sections were
counterstained with hematoxylin and dehydrated through a series of alcohols.
Slides were then coverslipped by using Vectastain mounting medium.

Genotyping the K14E6"'25T K14E6*'46-151 double transgenic mice. To distin-
guish between the K14E6' T singly transgenic and the K14E6'28T K14E6A!46-151
double transgenic mice, we made use of the Ms/I site introduced into the E6 gene
by the E6*14%-15! mutation. PCR was used to amplify the sequences encompass-
ing the E6''28T E7TTE and E6*14!5! E7TTL regions of the transgenes. The
amplified products were then digested with Ms/I and subjected to gel electro-
phoresis. Ethidium bromide was used to visualize the DNA fragments. The singly
transgenic mice gave two DNA fragments of 760 and 62 bp. The doubly trans-
genic mice yielded four DNA fragments of 750, 395, 346, and 62 bp.

RESULTS

Generation of the K14E6*'**'5" mice. To examine the in
vivo function of E6’s PDZ ligand domain, mice were generated
expressing a mutant version of the E6 protein referred to as
E64145 151 that is deleted of the C-terminal six amino acids.
This deletion removes the PDZ ligand domain of E6 and
renders it defective for binding hDlg, a PDZ domain partner of
E6 (13). The E6*'““'>! mutant gene was cloned into a K14
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FIG. 1. Analysis of transgene expression. (A) Quantification of transgene expression by real-time PCR. Total RNA from the skin of each
transgene line was reverse transcribed into cDNA. The abundance of cDNA was then quantified by real-time PCR analysis with a FAM-labeled
Taqman probe specific for the transgene. Shown are the relative transgene expression levels for KI4E6™T and K14E6*'*"">! mice. (B) In situ
hybridization. Transgene mRNA was examined in skin sections from 9-day-old mice with an antisense probe. Dark-field images (magnification,
%20) of skin sections from nontransgenic (subpanel 1), KI4E6WT (subpanel 2), and K14E6*'**1>" (subpanel 3) animals are shown. The epidermal
(ep) and dermal (dm) regions of the skin are indicated. The transgene hybridization signal is localized to the epidermis and hair follicles in the

dermis.

expression plasmid containing the human K14 promoter and
polyadenylation sequences. The KI14E62'#%1>! recombinant
DNA was injected into the male pronuclei of fertilized mouse
eggs, and the injected eggs transplanted into pseudopregnant
female mice. Transgene-positive offspring were identified by
PCR and Southern analyses. Positive founders were bred to

generate multiple independent lines of K14E6*'**'>! mice.

Transgene expression in each line was quantified by real-time
PCR by using a Tagman probe specific for the E6 transgene.
Representative results from these assays are displayed in Fig.
1A. Line 513 expressed its transgene at a level 5% that of the
reference K14E6™" line 5737. One line of K14E6*'4'>! mice
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TABLE 1. DNA damage responses in the skin of wild-type or
mutant HPV-16 E6 transgenic mice

Mean fraction of BrdU-positive
cells in irradiated epidermis = SD“

Mouse genotype

“ Values represent the fractional value for the percentage of BrdU-positive
cells in the epidermis of irradiated mice relative to that of unirradiated mice of
the same genotype.

" This value represents the average of two samples (i.e., 0.6 and 0.8). For all
other cases, at least three animals per treatment group were analyzed.

(i.e., line 512) was found to express the transgene at a level
equivalent to the reference K14E6™T line 5737. All other
K14E6414 151 Jines tested displayed transgene expression at or
below that of line 513. We chose K14E6*'#%"">! line 512 for
further analysis because it expresses the mutant E6 gene at
levels commensurate with that seen in for wild-type E6 in the
reference K14E6™T line 5737.

The tissue localization of the transgene expression in
K14E6*'401>! line 512 was examined by in situ hybridization in
comparison to that seen in the reference K14E6™T line 5737.
Skin sections were exposed for an equal time to a cRNA probe
specific for the transgene transcript. Photomicrographs of in
situ hybridizations performed in parallel on nontransgenic,
K14E6414¢15! line 512 and and on K14E6™?" line 5737 skin
sections are displayed in Fig. 1B. The transgene expression was
localized to the epidermis and epithelial appendages (hair fol-
licles and sebaceaous glands) in the skin of both the K14E6™™T
and K14E6*'4613! mice, as expected for genes under the reg-
ulation of the K14 promoter. This result demonstrated that the
KI14E6*'4*151 transgene in line 512 was expressed in an ap-
propriate, tissue-specific manner. Furthermore, the transgene-
specific in situ signal seen in the skin of K14E6214%-151 line 512
mice was similar to that seen in skin of KI4E6™" line 5737
mice. This finding corroborated the more quantitative RNA
analysis performed by real-time PCR (Fig. 1A).

E62'*¢151 abrogates DNA damage response. We have pre-
viously reported that the wild-type E6 can abrogate responses
to DNA damage in vivo (29). This response is primarily due to
E6’s inactivation of p53 (22, 29). The E6*'*'>! mutant has
been shown to inactivate p53 in vitro. To determine whether
expression of the K14E6*146-1>! transgene inhibits the function
of the p53 protein in vivo, we monitored the DNA damage
response of the line 512 KI14E64!415! mice. Mice were ex-
posed to 4 Gy gamma radiation 24 h prior to sacrifice. 1 h prior
to sacrifice, mice were injected with the nucleotide analog
BrdU. Skin was then harvested, and paraffin-embedded histo-
logic sections were stained immunohistochemically for BrdU.
The percentages of BrdU-positive epidermal cells in unirradi-
ated and irradiated animals were calculated. The level of BrdU
incorporation in the unirradiated group was set to 1 for each
genotype. The BrdU incorporation in the irradiated group is
reported in Table 1 as a fraction of the BrdU incorporation in
the unirradiated group. The irradiated nontransgenic animals
incorporated BrdU at a level 0.2 that of the unirradiated
group, a finding consistent with prior studies that demon-
strated an inhibition of DNA synthesis at 24 h postirradiation
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(29). The K14E6™ T mice incorporated BrdU at a level 0.9 that
of the unirradiated indicating, as previously shown (29), that
E6 abrogates the normal DNA damage response in the skin.
After irradiation, the K14E6*'4!5! mice and p53-null animals
incorporated BrdU at a level of about 0.7 that of unirradiated
animals. This result is consistent with E6*'#¢'>! inactivating
pS3 in vivo. When we performed immunohistochemistry on the
skin from the irradiated K14E6214%-151 and K14E6WT mice, we
failed to detect staining for the p53 protein (Fig. 2) or a protein
induced by p53 in response to DNA damage, p21 (data not
shown). These results further demonstrate the inactivation of
p53 by E64140-151 The observations that K14E6*'40-15! mice
display an altered DNA damage response and can inactivate
p53 demonstrate that functional E64'*¢'>! protein is ex-
pressed in the epidermis of these transgenic mice.

Epidermal hyperproliferation is absent in the K14E
mice. The expression of wild-type E6 in the skin of mice in-
duces epidermal hyperplasia, which leads to the overt thicken-
ing of the skin, which is most evident in the ears of the mice.
We did not detect any overt thickening of the skin in any of the
lines of K14E6*'4613! mice. To characterize the epithelial phe-
notype in the K14E62'%*'>! mice further, we measured the
proliferative indices in the epidermis of line 512 K14E6*!46-151
mice. To accomplish this, 9-day-old and 7-week-old mice of the
nontransgenic, KI4E6™" (line 5737) and K14E64'%'>! (line
512) mouse lines were injected with BrdU 1 h prior to sacrifice.
Paraffin-embedded histologic sections from the ears of these
mice were subjected to immunohistochemistry specific for
BrdU. Expression of wild-type E6 led to BrdU incorporation in
the suprabasal layers of the epidermis in K14E6™ T mice, a
compartment of the epidermis that normally does not effi-
ciently support DNA synthesis (Fig. 3B). This unscheduled
DNA synthesis, which is a hallmark of epithelial hyperplasia in
the K14E6™"T mice, was not evident in the epidermis of
K14E6*'4¢15! (Fig. 3C) or nontransgenic (Fig. 3A) mice. The
percentage of BrdU-positive suprabasal cells was calculated
for 9-day-old and 7-week-old KI14E6WT, K14E62146-151 and
nontransgenic animals (Table 2). There was no increase in the
percentage of suprabasal cells staining positive for BrdU in the
skin of K14E64'!! transgenic mice compared to that in
nontransgenic animals at either time point.

PCNA immunostaining was used as an independent means
of monitoring epidermal hyperplasia. PCNA is a component of
the DNA synthesis machinery. The PCNA antibody used in
our analyses is specific for an epitope exposed only in prolif-
erating cells. Ear cross sections prepared as described above
were stained for PCNA by immunohistochemistry. Photomi-
crographs of this staining are presented in Fig. 4. PCNA stain-
ing was evident in the basal, parabasal, and supraparabasal
layers of the K14E6™ " ear (Fig. 4B). PCNA staining was seen
in the basal and parabasal layers but not in the supraparabasal
layers of the nontransgenic (Fig. 4A) and K14E6!4%-15! (Fig,
4C) mice. This result, along with the BrdU staining results,
indicates that the K14E62'#%151 mice lack the epidermal hy-
perproliferation phenotype evident in the reference K14E6™ "
line 5737.

K14E6*'4¢'5! K14E6"**T double-transgenic mice. In a
prior study we generated and analyzed transgenic mice in
which we expressed in the mouse epidermis a mutant of E6,
E6"'?8T  that is deficient in binding a-helix binding partners of

6A146-151
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FIG. 2. p53 induction in the mouse epidermis after irradiation.
Shown are cross sections of skin from unirradiated K14E64146-151 (A),
irradiated nontransgenic (B), irradiated K14E6™T (C), and irradiated
KI14E64146151 (D) mice stained for p53. Note the frequent positively
stained nuclei in the epidermis of the irradiated nontransgenic mouse
compared to their absence in the epidermis of both the irradiated
K14E6™T mice and the K14E6*'4¢">! mice. No p53 staining was de-
tected in unirradiated mice of all genotypes (representative staining is
shown only for unirradiated K14E6*'*°"15! mice [see panel A]).

E6. Mice expressing E6'?%T displayed a reduced level of epi-
thelial hyperplasia compared to that seen in mice expressing
wild-type E6 in the epidermis (22). This finding indicated that
E6’s interactions with one or more of its a-helix binding part-
ners contribute to the induction of epithelial hyperplasia. Be-
cause the E6"'?T mutant protein retains the PDZ ligand do-

HPV-16 E6 INTERACTION WITH PDZ PROTEINS 6961

FIG. 3. Hyperproliferation in the skin of nontransgenic (A),
KI14E6W™T (B), and K14E6*'6"5! (C) mice. Shown are cross sections of
skin from the ear of 9-day-old nontransgenic, K14E6™", and
K14E6414%151 mice stained immunohistochemically for BrdU incorpo-
ration. BrdU was injected (100 wg/g [body weight]) 1 h prior to sacri-
fice. Examples of BrdU-positive suprabasal cells are denoted by ar-
TOWS.

main, it is predicted to retain an ability to interact with PDZ
binding partners of E6. Conversely, we have shown in vivo
(Table 1 and Fig. 2) and others have shown in vitro (13) that
the E6*'%*'>! mutant protein must be able to bind at least one
a-helix binding partner, E6AP, since it retains an ability to
functionally inactivate p53. Thus, two E6 mutant proteins,
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TABLE 2. Epithelial hyperplasia in wild-type or mutant HPV-16
E6 transgenic mice

% Suprabasal BrdU-positive cells” in:

Mouse genotype”

9-day-old mice 7-wk-old mice
Nontra\r)\lﬁrgenic 1.7+0.5 0.1+03
gjggfg;m 20+ (1)‘7‘ 00+ 00
e Ul

@ K14E6™T (line 5737), K14E6214 151 (line 512), and K14E6''?5T (line 6061)
mouse lines were chosen since they express comparable levels of transgenes (see
Fig. 1 and reference 22).

® That is, the percentage of suprabasal cells that are BrdU positive in the
epidermis lining the ears of mice. Values represent the average of at least three
mice per genotype * one standard deviation.

¢ Data previously reported (22).

which appear to be defective in binding distinct subsets of
cellular proteins, show reduced ability or no ability to induce
epithelial hyperplasia. This led us to question whether E6
induces epithelial hyperplasia through a coupled interaction
between a-helix and PDZ partners. Functional interactions
between a-helix and PDZ partners of E6 have been proposed.
E6 induces the degradation of hScrib, a PDZ domain partner,
via E6AP, an a-helix partner (21). Moreover, E6-TP1, another
a-helix partner, interacts with hDLG, another PDZ domain
partner, although it is not known whether this interaction is
affected by E6 (23). An alternative explanation for the fact that
E6"'28T and E6*'40-13! proteins are reduced or absent in their
ability to induce epithelial hyperplasia is that E6 works to alter
epithelial growth through two (or more) independent pathways
that are not functionally coupled. To distinguish between these
possibilities, we sought to determine whether E6*'4¢'>! and
E6"'*%T can complement each other to induce wild-type levels
of epithelial hyperplasia. Evidence for complementation would
argue that the partner interactions affected by each mutation
contribute to independent (uncoupled) pathways. A lack of
complementation would be consistent with E6 inducing epi-
thelial hyperplasia through some coupled interaction between
a-helix and PDZ domain protein partners. Lines of
K14E6"2%T (line 6061) and K14E64'¢'>! (line 512) mice ex-
pressing their transgenes at matched levels to that in the ref-
erence KI14E6™T line (line 5737) were bred and tissues har-
vested from 7-week-old single- or double-transgenic offspring
after exposure for 1 h to BrdU (injected intraperitoneally).
Histologic sections from ears were subjected to immunohisto-
chemical staining for BrdU. The percentages of BrdU-positive
cells observed in the suprabasal layers of the ears are presented
in Table 2. The presence of the KI4E64!'4!5! transgene did
not affect the level of proliferation in the K14E6™#*T mice. The
lack of complementation is consistent with E6 inducing epi-
thelial hyperplasia through a coupled interaction between
a-helix and PDZ domain protein partners.

DISCUSSION

K14E6*'%*>! mice lack epithelial hyperplasia. Our results
demonstrate that the PDZ ligand domain of E6 is necessary for
the induction of epithelial hyperplasia. Induction of epithelial
hyperplasia is an activity of E6 that is likely to contribute to its
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FIG. 4. PCNA staining in nontransgenic (A), K14E6™" (B), and
KI14E64146151 (C) mice. Cross sections of skin from 9-day-old non-
transgenic, K14E6™T, and KI14E62'#*!>! animals were subjected to
immunohistochemistry for PCNA. Shown are images captured at x40
magnification.

role in tumorigenesis in vivo (30); therefore, we predict that
the K14E6*'4¢'>! mice will display reduced tumorigenic phe-
notypes compared to that of K14E6™T mice. This is in agree-
ment with previous studies in which E6 mutants deficient in
binding PDZ partners, unlike wild-type E6, were unable to
transform baby rat kidney cells in tissue culture or confer
tumorigenicity onto cells in xenograft experiments (14). Long-
term tumorigenesis studies, now initiated, comparing the tu-
morigenic phenotypes of KI4E62'*'>! mice to those of
K14E6™T mice, will allow us to define that contribution. That
E6414¢-131 is capable of immortalizing mammary epithelial
cells (13) indicates that PDZ partner binding is not required
for this activity and that the activities of E6 required for in vitro
immortalization and in vivo hyperplasia are distinct.

Our results indicate that E6 requires interactions with one or
more of the PDZ partners to induce epithelial hyperplasia.
Evidence from Drosophila studies links two of these PDZ part-
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ners, Dlg and Scrib, to epithelial growth regulation. In Dro-
sophila embryos, dlg mutants exhibit hyperplastic overgrowth
and loss of cell polarity in epithelial tissues such as the imaginal
discs (9, 24, 34). Therefore, E6’s degradation of Dlg could
potentially mediate the epithelial hyperplasia of the KI4E6™ T
mice. Caruna et al. have identified mice that contain a gene
trap insertional mutation in mouse Dlg (3). Mice homozygous
for this mutant allele are born with severe cleft palates and die
at or close to birth, preventing us from scoring the influence of
this Dlg mutation in neonates of the same age at which we
detect epithelial hyperplasia in the K14E6™T mice (day 6 or
later). We failed to detect epidermal hyperplasia in the skin of
mice homozygous for the mutant Dlg allele that were sacrificed
at embryonic day 19.5 or as neonates that were less then 24 h
old (M. L. Nguyen, M. M. Caruna, A. Bernstein, and P. F.
Lambert, unpublished results). The significance of this obser-
vation is further limited by the suspicion that this gene trap
insertional mutant does not represent a true null allele, a
concern raised by the fact that mice engineered by conven-
tional homologous recombination approaches to bear null al-
leles of Dig die as embryos (P. Bryant, unpublished data), a
finding similar to that seen in Drosophila melanogaster (9, 24).
Therefore, a model in which DIg is specifically inactivated in
the epidermis would need to be generated in order to deter-
mine whether a lack of Dig leads to epithelial hyperplasia in
mice.

E6 may alter DIg’s activity through means other than induc-
ing its degradation. DIg binds to the PDZ ligand domain of the
cellular tumor suppressor and regulator of the canonical Wnt
pathway, adenomatous polyplosis coli (APC) (20). A peptide
corresponding to the carboxyl terminus of E6 has been shown
to disrupt the APC-Dlg interaction (14). This suggests that the
E6 protein may be able to disrupt the Dlg-APC complex.
However, what effect this disruption would have on epithelial
growth and carcinogenesis is unclear. Overexpression of Dlg
abrogates an APC induced cell cycle block in epithelial cells
(12), suggesting that DIg regulates APC’s activity in controlling
cell growth. However, mice containing a mutant of APC
(APC'*®T) Jacking the Dlg-binding regions did not develop
epithelial hyperplasia (M. L. Nguyen, R. Fodde, and P. F.
Lambert, unpublished results) or spontaneous tumors (28).
Further investigation is needed to determine whether E6’s
interaction with Dlg is responsible for the induction of epithe-
lial hyperplasia in mice.

E6’s interaction with one of the other PDZ partners, Scrib,
MAGI, or MUPP1 may also mediate epithelial hyperplasia.
Similarly to dlg, Drosophila mutations in scrib lead hyperplastic
overgrowth and loss of cell polarity in epithelial tissues (2).
Mice with similar mutations in scrib have not been generated;
thus, it is not known at this time whether disruption of scrib
would lead to comparable epithelial phenotypes in mice. Thus
far, there is no direct evidence pertaining to the role of
MAGI-1 or MUPP-1 in the control of epithelial cell growth.

E6214%151 and E6"?®T cannot complement each other to
induce wild-type levels of epithelial hyperplasia. We have
shown previously that the a-helix partner binding of E6 con-
tributes to epithelial hyperplasia. In the present study we found
that the PDZ partner binding of E6 is necessary for epithelial
hyperplasia. Thus, both a-helix and PDZ partner binding play
a role in inducing epithelial hyperplasia. When we bred the
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K14E6"%8T mice to the K14E62!4515! mijce, the double-trans-
genic mice did not display the level of epithelial hyperplasia of
mice expressing the wild-type E6 (Table 2). This lack of
complementation is consistent with E6 inducing epithelial hy-
perplasia through some coupled interaction between a-helix
and PDZ domain protein partners. One way in which «-helix
partners and PDZ partners have been shown to be coupled is
through E6AP. The a-helix partner, E6AP, has been shown to
mediate the degradation of the PDZ partner hScrib (21), rais-
ing the hypothesis that E6 needs not only to bind PDZ partners
(mediated by the PDZ ligand domain of E6) but also to induce
their degradation (mediated by E6’s interaction with E6AP) in
order to induce the level of epithelial hyperplasia observed in
the K14E6™" mice. However, we have evidence that the ability
of E6 to induce epithelial hyperplasia is not altered on an
E6AP-null background (M. L. Nguyen and P. F. Lambert,
unpublished data). The possibility of another link between
a-helix and PDZ partners is suggested by the recent finding
that the rat homologue of the a-helix partner, E6TP1, has been
shown to bind to the PDZ partner Dlg (23). It is not known
what influence E6’s interaction with E6TP1 and/or Dlg has on
the association of E6TP1 with Dlg. An alternative explanation
for the lack of complementation between the K14E6"'?*T and
K14E6*'4%1>" mice is that there is defect common to E6''25T
and E6*'*“'>! mutants that is not restored in the double-
transgenic animals. Although we cannot formally rule out this
possibility, no known functions of E6 are known or predicted
to be absent in both the E6'**T and E6*'*%'*! mutants.

We have found that the PDZ ligand domain of HPV-16 E6
is required for the induction of epithelial hyperplasia in mice.
Two other viruses, human T-cell leukemia virus (26) and ad-
enovirus 9 (17), encode oncogenes that bind PDZ domain-
containing proteins. Interestingly, the PDZ ligand domain of
adenovirus 9 oncoprotein, E4 ORF-1, has recently been found
to be important for its oncogenic activities (8). These results
and ours indicate that interactions between viral proteins and
PDZ domain-containing proteins constitute a general mecha-
nism for virus-induced oncogenesis.

ACKNOWLEDGMENTS

We are grateful to Norman Drinkwater and Bill Sugden for critical
reading of the manuscript. We thank Kathleen Helmuth and the Uni-
versity of Wisconsin Transgenic Animal Facility for generating the
transgenic mice, Jane Weeks and Harlene Edwards of the McArdle
Laboratory and the University of Wisconsin Comprehensive Cancer
Center Histology Core for processing tissue sections, and Megan
Poehler for help with immunohistochemistry. We are grateful to Jo-
hannes Hell for kindly providing SAP97/Dlg antisera used in the
present study, to Georgina Caruna and Alan Bernstein for the Dlg
mutant mice, and to Riccardo Fodde for the APC!'®3*T mice.

This study was supported by grants from the National Institute of
Health (CA22443, CA09135, and CA07175) and by the American
Cancer Society.

REFERENCES

1. Be, X., Y. Hong, J. Wei, E. J. Androphy, J. J. Chen, and J. D. Baleja. 2001.
Solution structure determination and mutational analysis of the papilloma-
virus E6 interacting peptide of E6AP. Biochemistry 40:1293-1299.

2. Bilder, D., and N. Perrimon. 2000. Localization of apical epithelial determi-
nants by the basolateral PDZ protein Scribble. Nature 403:676—680.

3. Caruana, G., and A. Bernstein. 2001. Craniofacial dysmorphogenesis includ-
ing cleft palate in mice with an insertional mutation in the discs large gene.
Mol. Cell. Biol. 21:1475-1483.

4. Chen, J. J., Y. Hong, E. Rustamzadeh, J. D. Baleja, and E. J. Androphy.



6964

10.

12.

13.

14.

15.

16.

17.

18.

NGUYEN ET AL.

1998. Identification of an alpha-helical motif sufficient for association with
papillomavirus E6. J. Biol. Chem. 273:13537-13544.

. Elbel, M., S. Carl, S. Spaderna, and T. Iftner. 1997. A comparative analysis

of the interactions of the E6 proteins from cutaneous and genital papillo-
maviruses with p53 and E6AP in correlation to their transforming potential.
Virology 239:132-149.

. Elston, R. C., S. Napthine, and J. Doorbar. 1998. The identification of a

conserved binding motif within human papillomavirus type 16 E6 binding
peptides, EGAP and E6BP. J. Gen. Virol. 79:371-374.

. Glaunsinger, B. A., S. S. Lee, M. Thomas, L. Banks, and R. Javier. 2000.

Interactions of the PDZ-protein MAGI-1 with adenovirus E4-ORF1 and
high-risk papillomavirus E6 oncoproteins. Oncogene 19:5270-5280.

. Glaunsinger, B. A., R. S. Weiss, S. S. Lee, and R. Javier. 2001. Link of the

unique oncogenic properties of adenovirus type 9 E4-ORF1 to a select
interaction with the candidate tumor suppressor protein ZO-2. EMBO J.
20:5578-5586.

. Goode, S., and N. Perrimon. 1997. Inhibition of patterned cell shape change

and cell invasion by Discs large during Drosophila oogenesis. Genes Dev.
11:2532-2544.

Huibregtse, J. M., M. Scheffner, and P. M. Howley. 1991. A cellular protein
mediates association of p53 with the E6 oncoprotein of human papilloma-
virus types 16 or 18. EMBO J. 10:4129-4135.

. Huibregtse, J. M., M. Scheffner, and P. M. Howley. 1993. Cloning and

expression of the cDNA for E6-AP, a protein that mediates the interaction
of the human papillomavirus E6 oncoprotein with p53. Mol. Cell. Biol.
13:775-784.

Ishidate, T., A. Matsumine, K. Toyoshima, and T. Akiyama. 2000. The
APC-hDLG complex negatively regulates cell cycle progression from the
Gy/G; to S phase. Oncogene 19:365-372.

Kiyono, T., S. A. Foster, J. I. Koop, J. K. McDougall, D. A. Galloway, and
A. J. Klingelhutz. 1998. Both Rb/p16INK4a inactivation and telomerase
activity are required to immortalize human epithelial cells. Nature 396:84—
88.

Kiyono, T., A. Hiraiwa, M. Fujita, Y. Hayashi, T. Akiyama, and M. Ishibashi.
1997. Binding of high-risk human papillomavirus E6 oncoproteins to the
human homologue of the Drosophila discs large tumor suppressor protein.
Proc. Natl. Acad. Sci. USA 94:11612-11616.

Kuhne, C., D. Gardiol, C. Guarnaccia, H. Amenitsch, and L. Banks. 2000.
Differential regulation of human papillomavirus E6 by protein kinase A:
conditional degradation of human discs large protein by oncogenic EG6.
Oncogene 19:5884-5891.

Lee, S. S., B. Glaunsinger, F. Mantovani, L. Banks, and R. T. Javier. 2000.
Multi-PDZ domain protein MUPP1 is a cellular target for both adenovirus
E4-ORF1 and high-risk papillomavirus type 18 E6 oncoproteins. J. Virol.
74:9680-9693.

Lee, S. S., R. S. Weiss, and R. T. Javier. 1997. Binding of human virus
oncoproteins to hDIg/SAP97, a mammalian homolog of the Drosophila discs
large tumor suppressor protein. Proc. Natl. Acad. Sci. USA 94:6670-6675.
Li, T., Z. M. Lu, K. N. Chen, M. Guo, H. P. Xing, Q. Mei, H. H. Yang, J. F.
Lechner, and Y. Ke. 2001. Human papillomavirus type 16 is an important
infectious factor in the high incidence of esophageal cancer in Anyang area
of China. Carcinogenesis 22:929-934.

. Liu, Y., J. Chen, Q. Gao, S. Dalal, Y. Hong, C. Mansur, V. Band, and E.

Androphy. 1999. Multiple functions of human papillomavirus type 16 E6

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

J. VIROL.

contribute to the immortalization of mammary epithelial cells. J. Virol.
73:7297-7307.

Matsumine, A., A. Ogai, T. Senda, N. Okumura, K. Satoh, G. H. Baeg, T.
Kawahara, S. Kobayashi, M. Okada, K. Toyoshima, and T. Akiyama. 1996.
Binding of APC to the human homolog of the Drosophila discs large tumor
suppressor protein. Science 272:1020-1023.

Nakagawa, S., and J. M. Huibregtse. 2000. Human scribble (Vartul) is
targeted for ubiquitin-mediated degradation by the high-risk papillomavirus
E6 proteins and the E6AP ubiquitin-protein ligase. Mol. Cell. Biol. 20:8244—
8253.

Nguyen, M., L., S. Song, A. Liem, Y. Liu, E. Androphy, and P. F. Lambert.
2002. A mutant of HPV16 E6 deficient in binding a-helix partners displays
reduced oncogenic potential in vivo. J. Virol. 76:13039-13048.

Pak, D., S. Yang, S. Rudolph-Correla, E. Kim, and M. Sheng. 2001. Regu-
lation of dendritic spine morphology by SPAR, a PSD-95-associated Rap-
GAP. Neuron 31:289-303.

Perrimon, N. 1988. The maternal effect of lethal(1)discs-large-1: a recessive
oncogene of Drosophila melanogaster. Dev. Biol. 127:392-407.

Pillai, M. R., A. Phanidhara, A. L. Kesari, P. Nair, and M. K. Nair. 1999.
Cellular manifestations of human papillomavirus infection in the oral mu-
cosa. J. Surg. Oncol. 71:10-15.

Rousset, R., S. Fabre, C. Desbois, F. Bantignies, and P. Jalinot. 1998. The C
terminus of the HTLV-1 Tax oncoprotein mediates interaction with the PDZ
domain of cellular proteins. Oncogene 16:643—-654.

Si, J. Y., K. Lee, R. Han, W. Zhang, B. B. Tan, G. X. Song, S. Liu, L. F. Chen,
W. M. Zhao, L. P. Jia, et al. 1991. A research for the relationship between
human papillomavirus and human uterine cervical carcinoma. I. The iden-
tification of viral genome and subgenomic sequences in biopsies of Chinese
patients. J. Cancer Res. Clin. Oncol. 117:454-459.

Smits, R., M. F. Kielman, C. Breukel, C. Zurcher, K. Neufeld, S. Jagmohan-
Changur, N. Hofland, J. van Dijk, R. White, W. Edelmann, R. Kucherlapati,
P. M. Khan, and R. Fodde. 1999. Apc1638T: a mouse model delineating
critical domains of the adenomatous polyposis coli protein involved in tu-
morigenesis and development. Genes Dev. 13:1309-1321.

Song, S., G. A. Gulliver, and P. F. Lambert. 1998. Human papillomavirus
type 16 E6 and E7 oncogenes abrogate radiation-induced DNA damage
responses in vivo through p53-dependent and p53-independent pathways.
Proc. Natl. Acad. Sci. USA 95:2290-2295.

Song, S., A. Liem, J. A. Miller, and P. F. Lambert. 2000. Human papilloma-
virus types 16 E6 and E7 contribute differently to carcinogenesis. Virology
267:141-150.

Song, S., H. C. Pitot, and P. F. Lambert. 1999. The human papillomavirus
type 16 E6 gene alone is sufficient to induce carcinomas in transgenic ani-
mals. J. Virol. 73:5887-5893.

Vande Pol, S. B., M. C. Brown, and C. E. Turner. 1998. Association of bovine
papillomavirus type 1 E6 oncoprotein with the focal adhesion protein paxillin
through a conserved protein interaction motif. Oncogene 16:43-52.
Vassar, R., M. Rosenberg, S. Ross, A. Tyner, and E. Fuchs. 1989. Tissue-
specific and differentiation-specific expression of a human K14 keratin gene
in transgenic mice. Proc. Natl. Acad. Sci. USA 86:1563-1567.

Woods, D. F., C. Hough, D. Peel, G. Callaini, and P. J. Bryant. 1996. Dlg
protein is required for junction structure, cell polarity, and proliferation
control in Drosophila epithelia. J. Cell Biol. 134:1469-1482.



